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A series of palladium(II) complexes incorporating di-NHC amine ligands has been prepared and their structural, dynamic and catalytic behaviour investigated. The chemistry of N-heterocyclic carbenes (NHC) and their functionalised derivatives has developed significantly over the last ten years with perhaps the greatest emphasis on catalytic applications. Interest has partly arisen from the electronic properties of NHC as ligands, and catalytic performance of NHC metal complexes has been discussed mainly in the context of comparison to tertiary phosphines. 1 NHC also exhibit structural diversity via modification of substituents particularly at the N-atoms and consequently steric factors can also play an equally critical role in controlling reactivity most obviously in asymmetric reactions.
2 Several studies have also examined the dynamic behaviour of NHC ligand metal complexes elucidating rotation about the M-C NHC bond 3 and ligand conformations of chelating NHC derivatives. 4 This paper describes the synthesis, coordination chemistry, and some limited dynamics and catalytic applications of di-NHC-amine ligands. Previous reports describing di-NHC-N donor hybrid ligands predominantly incorporate pyridyl derivatives as the N-donor and several transition metal complexes have been prepared that exhibit good catalytic activity and long lifetimes, most notably for C-C coupling, 4b, 5, 6 and alkene oligomerisation. 7 Several studies have also addressed the coordination chemistry and dynamic properties of di-NHC ligands that contain hydrocarbyl and N-donor containing linking groups. It has been shown that as the length of the linker increases trans coordination is generally preferred and bridging between two metal atoms can occur. 8 Dynamic studies include cationic complexes of di-NHC ligands incorporating a 2,6-lutidinyl linker that exhibit fluxional behaviour between atopisomers where the rate is dependent on the size of NHC-Nsubstitutents and the counter anion. 4b, 4d, 9 Linker length has also been shown to have a significant effect on the reaction rate and selectivity of elimination from dialkyl complexes. 10 In a previous study we communicated the synthesis of a palladium(II) complex (14) (eqn 1) of a di-NHC ligand that incorporates an amine linker and examined the mechanism and rate of atropisomerism vide infra. 11 Complex 14 could also be converted to an NHC-amido transition metal complex, via deprotonation of the palladium coordinated amine. Described here are subsequent complementary studies to expanded this chemistry via substitution at the amine nitrogen and NHC-N substituents, to compare coordination, dynamic and ultimately catalytic performance between di-NHC-amine ligand complexes. can be converted to the secondary amine derivatives 4 and 5 via hydrogenation. -derivative of 4 were obtained. Unfortunately single crystal structures of 3 or 5 could not be grown and generally it was found that compounds containing mesityl substituents were obtained in lower yield, and their purification was more problematic, particularly so for the benzyl amine derivative 3.
Molecular structures of the cations of 2 and 4 are shown in figure 1. The dications of both 2 and 4 exhibit conformations where the imidazolium moieties are eclipsed with respect to each other, but intra-and intermolecular distances are not indicative of directional bonding, and bond lengths and angles are considered unexceptional. † Reaction between salts 2 or 4 and KO t Bu showed that di-NHC-amines 6 and 7 could be prepared, however work-up gave sensitive viscous oils that were problematic to handle and therefore intermediate silver complexes were prepared for use as ligand transfer agents.
13
Imidazolium salts 2-5 can cleanly be converted to the corresponding silver(I) chloride complexes via reaction with silver(I) oxide to give complexes 8-11, that can subsequently act as ligand transfer agents to palladium as shown in scheme 2.
1 H and 13 C NMR spectroscopy of 8-11 are again consistent with C s symmetry, for example in the 1 H NMR spectra the eight NCH 2 CH 2 N protons are observed as two triplets, and t Bu and mesityl derivatives give one and two signals respectively for N-substituent methyl groups. Interest in the catalytic applications of ligands derived from 2-5 prompted us to prepare palladium complexes 12-14 (scheme 2) from reaction between 8, 10 and 11 and PdCl 2 (MeCN) 2 . Reactions between 9 and PdCl 2 (MeCN) 2 result in the immediate characteristic precipitation of AgCl, however a single complex could not be satisfactorily purified. 1 H NMR spectroscopy indicated possible formation of oligomers via coordiantionof ligand NHC moieties to two metals as judged by the presence of triplet signals attributable to ethylene CH 2 groups. Subsequent chemistry was therefore restricted to complexes derived from 2, 4 and 5.
We have previously reported the single crystal structure determination and dynamic NMR behaviour of complex 14, which showed that the ligand coordinates via NHC carbon and amine nitrogen atoms respectively, and interconversion between atropisomers occurs above -30 Fortunately, single crystals of complex 12 allowed an X-ray structure determination, aiding interpretation of the NMR data. The molecular structure of complex 12 is shown in figure 2 and select data are given in table 1. A square planar geometry about the palladium atom is observed with bond lengths and angles typical of other trans-di-NHC complexes derived from chelating di-NHC ligands.
14 However, clearly in contrast to 14, complex 12 is neutral, contains a ten-atom palladocycle and exhibits no bond between the palladium and amine nitrogen atoms. The 1 H and 13 C NMR data of 12 are rationalised as arising from limited flexibility within the palladocycle but that inversion at the amine nitrogen atom does not occur rapidly on the NMR timescale. Slow inversion and limited flexibility could render benzylic CH 2 protons diastereotopic and reflective of C 1 symmetry, whereas pairs of non-benzylic CH 2 protons are not sufficiently differentiated in chemical shift and appear as a single, though complex, signal indicative of C s symmetry.
Unfortunately crystals suitable for a single crystal diffraction study of the N-mesityl substituted derivative 13 have yet to be grown to confirm the structure. Nevertheless 13 exhibits NMR spectra distinct from complex 14 and again indicative of a structure analogous to complex 12. Distinctive features in the NMR spectra of complex 13 are signals attributable to the ethylene CH 2 and mesityl methyl groups respectively. For the ethylene CH 2 groups, 13 exhibits four signals in the 1 H NMR spectrum between 25 and -40 o C each of which correlate to the two NCH 2 CH 2 N signals present in the 13 C NMR spectrum as observed for complex 12. At all temperatures the mesityl methyl groups are observed as three mes bond and restricted inversion at the amine nitrogen atom respectively on the NMR timescale. If N-C mes bond rotation or amine inversion occurred at an appreciable rate on the NMR timescale the methyl groups in the 2, 6 positions would be magnetically equivalent.
Clearly there is a diversity of coordination and resulting dynamic NMR behaviour that is dependent on the amine and NHC N-substituent. For catalytic applications the preparation of acetonitrile solvates of complexes 12 -14 would be beneficial for rapid substrate coordination in comparison to chloride analogues. We were also interested to determine if the amine moiety in analogues of complexes 12 and 13 would coordinate to the palladium atom if the chlorine atom was removed. Reaction between complexes 12 -14 and two equivalents of AgBF 4 in acetonitrile gave the acetonitrile complexes 15 -17 shown in scheme 2. NMR spectroscopy of 15 -17 indicated that the constitution of the ligand and dynamic behaviour was essentially analogous to that of the precursor chloride complexes 12 -14. (5.27) indicate that as the charge on the metal complex increases the signal shifts upfield, but the chemical shift is not as sensitive to coordination of the N atom.
Single crystals of 17 could be grown that were suitable for a single crystal diffraction study. The structure of the metal dication is shown in figure 3 and selected data are given in table 1. With respect to the metal-carbene ligand moiety, the cations of complexes 14 and 17 are essentially isostructural. For example, the Pd-N amine bond lengths are 2.058 (12) (12) Pd(1)-Cl(2) 2.3187 (12) C(1)-Pd(1)-C (10) 170.48 (17) Cl(2)-Pd(1)-Cl(1) 178.08 (5) C(1)-Pd(1)-Cl(2) 87.67 (13) C (10) Pd(1)-C(1) 2.058 (4) Pd (1) (17) NHC (1) -NHC (10) twist 81.0(3)
Catalysis. We were interested in the application of complexes 12 -17 as potential catalysts for both Heck and hydroamination of alkenes respectively. Numerous palladium NHC catalysts have been investigated for Heck-type coupling 4b, 6a-c, 9, 15 including tridentate di-NHC-pyridine complexes where presumably either an NHC or the pyridine functionality must dissociate in order for two coordination sites to be available for catalysis. Given the structural diversity in complexes 12 -14 with respect to amine coordination, we wished to investigate any potential structureproperty relationships. Representative data using complexes 12 -14 as precatalysts for reaction between tert-butylacrylate or styrene and aryl bromides and chlorides are shown in table 2.
Conditions were chosen to observe differentiation between the catalyst precursors and although none of the activities shown in table 2 can be considered spectacular, collectively the TOF's are comparable and in some cases marginally better than those reported for palladium NHC complexes incorporating pyridine moieties. 6 Perhaps the only clear structural trend is that the mesityl substituted complex 13 generally gives lower activities than the t Bu derivatives 12 and 14 that can be attributed to the out of square plane steric bulk preventing associative substitution processes. However, given the increase in turnover frequency at lower catalyst loading it is more likely the data is reflective of the participation of colloidal palladium catalysis 16 where catalyst decomposition and aggregation processes are ligand dependent. Control experiments showed Pd(OAc) 2 was inferior in all cases, particularly for 4-chloroacetophenone, clearly showing that the ligands do enhance catalytic rate. The generation of catalysts in situ using Pd(OAc) 2 and one equivalent of salts 2-5 gave activities approximately two thirds that of the analogous complexes and the use of two ligand equivalents reduced activities significantly, indicating that the use of preformed precatalysts is beneficial.
The hydroamination of alkenes using NHC based ligands has not been intensively investigated, with select examples reported of intra-and intermolecular reactions using rhodium di-NHC 17 and rhodium and palladium phosphine-NHC hybrid precatalysts. 18 The most active and versatile late metal catalysts use phosphine ligands including chelating bis phosphines and tridentate PCP, PNP, and PPP ligand types.
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The reported NHC rhodium and palladium complexes exhibit reasonable activity but interpretation with respect to the NHC moiety is complicated by the probability that catalysis proceeds through different mechanisms. 20 For group 9 metals, oxidative addition and reductive elimination of N-H and C-H bonds respectively are implicated.
21 whereas for group 10, mechanistic and computational data using phosphine ligands indicates catalysis proceeds via nucleophilic addition of precursor amine to a palladium coordinated alkene (I, scheme 3) with subsequent protonation of the resulting palladium 2-amino alkyl intermediate (II). 22 Protonation is commonly the rate limiting step and acid cocatalysts such as CF 3 SO 2 H can be used, however clearly the actual acid cocatalyst will be an ammonium salt due to the relative excess of precursor and product amines. In the absence of additional acid, protonation occurs via an ammonium salt from reaction between II and a precursor (or product) amine effectively using the amine as a proton shuttle. The presence of an amine group and differing coordination in complexes 15-17 prompted use to consider if any effect could be observed via protonation/coordination that could be attributable to the ligand amine moiety. Results of some hydroamination reactions using complexes 15-17 are given in table 3. Complexes 15-17 do catalyse reaction between the activated alkene methyacrylonitrile and cyclic secondary alkenes, but much lower activity was observed for styrene where only trace quantities of hydroamination products were detected. One general complication is the poor solubility of 15-17 in aromatic and ether solvents that are commonly used for this class of reaction. However, on initiation of catalysis at temperatures above 40 o C metal complex solubility increased significantly.
In the absence of acid cocatalyst complex 17 gives the greatest yield, with 16 performing particularly poorly (table 3, entries 1-3). Increasing the temperature from 40 to 90 o C increased the yield (entry 4) but by far the greatest effect was on addition of acid cocatalyst (entry 5) where the yield using 16 increased to 93%. Mass spectrometry of a solution containing 16, piperidine, CF 3 SO 3 H heated to 90 o C showed a fragment attributable to + indicating that the ligand remains coordinated to palladium during reaction. Subsequent reactions using pyrrolidine, morpholine, and N-methyl piperazine were restricted to complexes 16 and 17 to directly compare uncoordinated (16) and coordinated (17) secondary amine of the ligand. Pyrrolidine (entries 6-8) again showed that complex 17 did not require acid cocatalyst (entry 7) to achieve good yield (97%) whereas 16 only gave reasonable 2 D NMR showed a single resonance at δ 5.65ppm corresponding to selective exchange of the NH atom. To obtain sufficient solubility for NMR analysis, a catalytic reaction was conducted in CH 3 CN in an NMR tube at 40 o C using a palladium: piperidine: methacrylonitrile ratio of 1:5:10. After 24 hr 2 D NMR showed the absence of a peak at δ 5.65 ppm and several new signals between δ 0.7 and 3.0 ppm indicative of several exchange processes. Given the absence of outstanding catalytic activity, substrate limitation to activated alkenes, and the significant amount of work required to unravel the exchange process further work was considered unwarranted. Furthermore using morpholine (entries [9] [10] [11] and N-methyl piperazine (entries 1-14) showed that complex 16 was more active than 17 for these substrates and acid cocatalyst is required to give reasonable yields, complicating a collective interpretation of all the catalytic data.
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Conclusions
Comparison of complexes 12-17 indicates that non-covalent ligand interactions are primarily responsible for the observed constitution. Supporting this view, synthesis of chloride 12-14 and analogous complexes 15-17 containing the more weakly coordinating acetonitrile ligand exhibit similar structures, including structurally characterised cations of 14 11 and 17. With respect to the ligand composition, amine coordination is modified by substitution at the amine nitrogen atom (cf. 12 and 15 vs 14 and 17) or substitution at the NHC Nsubstituents (cf. 13 and 16 vs 14 and 17). As a consequence of differing coordination, complexes 12-17 exhibit a variety of dynamic behaviour that is reflective of ligand bulk, including the lack of mesityl rotation in complexes 13 and 16. General procedures. All manipulations were performed under argon using standard Schlenk techniques unless stated otherwise. All solvents were dried over the appropriate drying agent and distilled under dinitrogen according to literature methods. 23 Reagents were purchased from Aldrich, Acros or Lancaster and used as supplied. [PdCl 2 (NCMe) 2 ] was prepared using a literature procedure. 24 The synthesis of compounds 1, 2, 4, 10 and 14 has been reported previously. Carbon spectra were referenced to a 13 C resonance of the solvent (CDCl 3 δ 77.16, C 6 D 6 δ 128.06, and CD 3 CN δ 118.26).
13 C HSQC, PENDANT and Gradient HMBC experiments were performed using standard Brüker pulse sequences. NMR experiments on each of the palladium halide NHC complexes were performed with a 1 min relaxation delay in order to detect the carbon atom bound to the palladium atom. Mass spectra were recorded on VG 70-250E or Kratos MS-50 spectrometers. Electrospray (ES) was recorded using methanol or acetonitrile as the mobile phase. Major fragments were given as percentages of the base peak intensity (100%). Elemental analyses were performed at the University of North London. Complexes 9, 13 and 16 did not give reproducible bulk analysis. [ tBu CN(Bz)C tBu ] (6): A mixture of 2 (300 mg, 0.62 mmol) and sodium hydride (42 mg, 1.75 mmol) in THF (10 ml) was stirred for 5 min. Potassium tert-butoxide (104 mg, 0.93 mmol) was added and the mixture stirred for a further 30 min. The mixture was filtered, the volatiles removed under reduced pressure and the resulting yellow oil extracted with toluene (15 ml). The volatiles were removed from the extract to give 6 as an orange oil. Yield = 170 mg, 67 %.
1 H NMR (270 MHz, C 6 D 6 ) 1.51 (18 H, s, CH 3 ), 2.79 (4 H, t, 3 J H-H = 6.5, CH 2 CH 2 ), 3.42 (2 H, s, PhCH 2 ), 3.99 (4 H, t, 3 J H-H = 6.5, CH 2 CH 2 ), 6.54 (2 H, s, CH=CH), 6.72 (2 H, s, CH=CH), 7.16 -7.17 (5H, m, C 6 H 5 );
13 C{ 1 H} NMR (67.9 MHz, C 6 D 6 ), 31.3 (CH 3 ), 49.7 (CH 2 CH 2 ), 55.8 (PhCH 2 ), 55.9 (CH 2 CH 2 ), 59.3 (C(CH 3 )), 115.1 (CH=CH), 119.0 (CH=CH), 127.0 (C 6 H 5 ), 128.3 (C 6 H 5 ), 129.0 (C 6 H 5 ), 140.0 (ipso-C 6 H 5 ), 213.3 (NCN).
[ tBu CN(H)C
tBu ] (7): A potassium tert-butoxide (74 mg, 0.67 mmol) solution in THF (7 mL) was added dropwise to a suspension of 4 (130 mg, 0.33 mmol) in THF (7 mL) over a period of 10 mins. The mixture was stirred for a further 30 min, and the volatiles removed under reduced pressure. The resulting yellow solid was extracted with diethyl ether (15 mL), and the volatiles removed from the extract to give 7 as an orange oil. Yield = 78 mg, 74 %. H 5.32 (5.17) , N 11.42 (11.59) .
[ Mes C(AgCl)N(H)C(AgCl)
Mes ] (11): Compound 11 was prepared as a white powder solid following an analogous procedure as for 8 using dichloromethane (15 mL 
Catalytic procedures
Heck: Dimethylacetamide (DMA) (2 mL), NaOAc (38 mg, 0.46 mmol), tetra-n-butyl ammonium bromide (13 mg, 0.041 mmol), and a DMA solution of the relevant palladium complex were heated to 140 o C under argon. Subsequently, aryl halide (0.41 mmol), n-butyl acrylate (82 µL, 0.57 mmol) and diethylene glycol dibutyl ether (internal standard, 90 µL, 0.41 mmol) were added and the catalytic mixture stirred at 140 o C for the relevant time period. Upon cooling, the mixture was filtered and a 100 µL portion diluted with a DMA (1.5 mL) and analyzed by GC.
Hydroamination: Toluene (0.25 mL) was added to the relevant palladium complex (6 µmol) under an inert atmosphere into a vial fitted with a rubber septum. The amine (0.31 mmol), methacrylonitrile (105 µL,1.25 mmol) and in select reactions (see table 3) trifluoromethane sulphonic acid (5.5 µL, 60µmol) were injected via syringe. The vial was then sealed and heated to the required temperature for 24 h. Upon cooling, toluene (1.2 mL) was added and the mixture filtered. Diethylene glycol dibutyl ether (internal standard, 60 µL, 24 µmol) was then added and the mixture analyzed by GC.
Crystallographic information
Single crystal diffraction data for 2 was recorded on a Bruker Smart 6000 II diffractometer equipped with a copper source and a CCD detector system and on a Bruker Smart 6000 diffractometer equipped with a molybdenum source with a CCD detector for 4, 12, and 17. Structures were solved and refined using SHELX programs. 25 All Hydrogen atoms were placed in calculated positions and a riding model was subsequently used. For 2, the hydrogen atoms of water of cocrystallisation are not included. See http://www.rsc.org/suppdata/cc/XXX for crystallographic files in CIF format.
Colourless crystals of 2 were grown by layering acetonitrile onto a water solution of 2. Crystal data for 2 .2H 2 O: C 25 
